Although there is general agreement that germinal center development in the lymphoid organs is a histological response to antigens, the formation of the lymph follicle and of the germinal center and the developmental relationships between these two structures are not yet clearly understood. MAxiMow (1927) and BLOOM (1938) considered that the primary follicles formed in some way in the lymphoid organ in the course of the organ's development and that the germinal centers developed secondarily in the primary follicles and underwent cyclic changes. The importance of pre-existing primary follicles as sites for germinal center development was emphasized by NossAL et al. (1964 NossAL et al. ( , 1971 in their work on the distribution of injected antigens in the lymphoid organs.
On the other hand, it has frequently been reported that after antigenic stimuli, new secondary follicles develop in the lymphoid organs independently of pre-existing follicles (e.g., SJOVALL and SJOVALL, 1930; RUDEBECK, 1932; CONWAY,1937; YOFFEY and OLSON, 1967; ONOE,1976) . In her study on changes induced by B. monocytogenes, CoNWAY (1937) observed that "bare germinal centers" arose in the lymph nodes and spleen within 36 hrs after the stimuli, and proposed that these centers represented an initial structure prior to the formation of new secondary follicles. While her views have received considerably wide acceptance, the observations presented by CoNWAY have been criticized by SAINTE-MARIE and SIN (1970) , who maintained that such rapid formation of new germinal centers following antigenic stimulation was inconceivable because the formation of new germinal centers would require considerable reorganization of the local pattern of reticular fibers and blood vessels. In view of these contradictory opinions, the present study was undertaken in an attempt to re-examine the formation of new lymph follicles and new germinal centers in the lymph nodes following antigenic stimuli.
In the course of investigating the induction of lymph follicles and germinal centers in the lymph nodes by various antigenic and mitogenic substances , we have become convinced that some substances have the ability to stimulate the formation of new secondary follicles, while others do not, even though they can induce germinal centers in the primary follicles. Phytohemagglutinin (PHA) is included in the latter category and bacterial lipopolysaccharide (LPS) in the former.
The present report describes changes in the number of lymph follicles and germinal centers as well as the histological changes in the draining popliteal lymph nodes of the mouse at various intervals after footpad injection of different doses of PHA and LPS.
MATERIALS AND METHODS

Animals and injection of stimulants:
Male C57B1 /6 mice, at 8 weeks of age, were used in this study. They were allowed free access to food and water. Phytohemagglutinin P (PHA; Difco), and Boivin preparation of lipopolysaccharide (LPS; E. Coli lipopolysaccharide B, lot 0111, B4, Difco) were freshly dissolved in sterile physiological saline before use. Fifty tcl of PHA or LPS solution was injected into the f ootpad of the left hind leg. The animals were divided into eight groups. Four groups received PHA at a dose of 10, 50, 200 pg or 1 mg, while the other four groups were given 2, 10, 50 or 200 pg of LPS, respectively.
The animals were sacrificed at various intervals after the injection. In each group, at least three mice were sacrificed at each stage. Tissue processing: At autopsy, the popliteal nodes from both sides were removed, cleared from the surrounding fat and weighed. The popliteal nodes of the right hind leg were used as a control. Popliteal nodes were also obtained from unstimulated mice and served as an additional control.
The specimens were fixed in Zenker-f ormol solutions or buffered 10% formalin, dehydrated and embedded using a JB-4 kit. Serial sections of the Zenker-formol-fixed material, cut at 3 pm, were prepared and stained with May-Grunwald and Giemsa stains. Two series of serial sections were prepared from the formalin-fixed material. One series was impregnated with silver according to a modification of Bielschowsky's technique, while the other series was stained with May-Grunwald and Giemsa solutions.
Three-dimensional analysis and morphometric studies: Each nodal section was examined under a light microscope in order to verify the presence of lymph follicles and germinal centers.
Each follicle or germinal center encountered in the section was identified with a reference number and was traced three-dimensionally in subsequent sections. The reconstruction technique permitted us to determine the total number of lymph follicles and germinal centers in each node.
Morphometric studies were carried out on the lymph nodes obtained from animals treated with LPS. Each lymph follicle in a section, identified as described above, was outlined under a light microscope at x 100 magnification and its size was measured to the order of 10-5 mm2, utilizing an image analyzer (Digiplan, Kontron, MUnchen). The follicle was traced in subsequent sections and its size was measured in each section. By employing this procedure, the largest size of a given follicle was determined as the size of the follicles.
Demonstration of surface immunoglobulin of B lymphocytes in tissue sections: The animals injected with LPS at a dose of 50 or 200 ~Cg, were sacrificed at 5, 9 and 21 days after the injection. The popliteal lymph node on the injected side and the liver were removed. The lymph node was inserted into a slit in a small block of the liver and rapidly frozen, using a dry ice-acetone mixture.
The cell surface immunoglobulin was detected by the indirect immunohistochemical method in 6 etm frozen sections, fixed for 30 min in acetone. Peroxidase staining was carried out as follows: 1 hr incubation at 3T C with rabbit anti-mouse IgM-serum (Fujizoki Chemical: diluted 1:10), 5 min washing in PBS, 30 min incubation with peroxidase-conjugated anti-globulin serum (Fujizoki Chemical; goat anti-rabbit IgG, diluted 1:10), 5 min washing in PBS, and 5 to 20 min reaction with diaminobenzidine and H2O2.
RESULTS
As the normal structure of the mouse popliteal lymph node has been described previously (Hosxi et al., 1981) , the present paper will give only a brief description of certain aspects of the lymph node in 8-week-old, male C57B1 /6 mice. The total number of detectable lymph follicles per popliteal node usually ranged from 9 to 13, and only a small number of follicles contained germinal centers.
In sections stained with MayGrunwald and Giemsa solutions, the lymph follicles were readily distinguishable from the surrounding extrafollicular zone, being much denser in cellularity (Fig. 2, 6 ). In silver-impregnated sections, they were observed as round or ovoid structures with relatively sparse argyrophil fibers (Fig. 3) . The size of the lymph follicles, as measured from the largest cross-sectional area, ranged from 0.01 to 0.10 mm2 (Table 3) . Most of the follicles were located in the superficial cortex overlying the deep cortex. A thin band of parenchyma was noted under the subcapsular sinus, extending from the lateral margin of the mass of the cortex to the hilar region. This band was marked off from the superficial cortex by a paucity of lymphocytes and rare occurrence of lymph follicles under normal conditions. For convenience of description, this band will be referred to as the parenchymal band. Popliteal lymph nodes after PHA Animals were sacrificed at days 4 to 6, 9 and 21 after injection of PHA. After the injection, the draining popliteal nodes revealed a slight and dose-dependent increase in weight, but the weight had returned to near normal by 21 days after the injection. There was no significant difference in histology between the lymph nodes following treatment with PHA at doses of 10, 50 and 200 pg. On day 5, the cortex was enlarged.
Germinal centers were found in many of the lymph follicles. They were seen as aggregations of basophilic blast cells in the medullary pole of such secondary follicles. On days 9 and 21, almost all the lymph follicles in the draining nodes contained prominent germinal centers which occupied a central position in the medullary pole of the follicles (Fig. 4, 5) . The total number of detectable lymph follicles including secondary follicles in the treated nodes was comparable to that in the popliteal nodes of untreated animals (Table 1) .
There was a very slight increase in the number of lymph follicles in the popliteal lymph nodes given a 1 mg injection of PHA (Table 1 ). The increase was first noticed on day 4, and remained at days 9 and 21. In these treated nodes, many of the lymph follicles were large and contained germinal centers, although some were small and devoid of germinal centers.
Politeal lymph nodes after LPS
Animals were killed at various intervals from 1 day to 9 weeks after the injection. The dates of sacrifice are indicated in Table 2 . 3) The number in parentheses indicates the mean number of secondary follicles per node. * The number of the node on the injected side was significantly different (p <0.05: t test) from that of the node on the contralateral side. # The number of the node on the injected side was significantly different (p <0.05: t test) from that of the untreated control node. Figure 1 shows the weight of draining popliteal lymph nodes after the injection of different doses of LPS. The change in weight was apparently related to the morphological changes.
After injection of 2 ,ug of LPS, germinal centers developed in the lymph follicles of the draining lymph nodes. When examined at days 9 and 21, almost all the follicles contained prominent germinal centers, but the total number of detectable lymph follicles including these secondary follicles per node remained at the normal level (Table 2) .
After higher doses, there was an increase in the number of detectable lymph follicles and germinal centers in the treated lymph nodes, and the increase was dosedependent (Table 2) . At 24 hrs, no germinal centers were found in the follicles. At 5 days, both the cortex and medulla were enlarged. The lymph follicles had expanded, and germinal centers were noted in the medullary pole of the follicles (Fig . 7) . Blast cells were scattered among small lymphocytes in the cap region of the follicles. In addition, smaller lymph follicles consisting mostly of small lymphocytes were observed in the superficial cortex between the expanded follicles and in the parenchymal band (Fig. 7, 9-11 ). The expanded follicles were larger than 0.10 mm2, and the number of expanded follicles in the whole treated node was roughly comparable to the total num- Table 2 . Number of lymph follicles per whole popliteal node at different intervals after injection of LPS into the footpad 1) Three animals were examined. 2) Mean±SD.
3) The number in parentheses indicates the mean number of secondary follicles per node. * The number of the node on the injected side was significantly different (p <0 .05: t test) from that of the node on the contralateral side. # The number of the node on the injected side was significantly different (p <0 .05: t test) from that of the untreated control node.
ber of follicles found in the popliteal nodes of untreated animals ( Table 3 ). The expanded follicles thus corresponded to those which had been present in a detectable form in the lymph node before the treatment, whereas the smaller follicles represented newly developed follicles. New primary follicles usually appeared at some distance from the expanded follicles, although they were also observed in close proximity. In the latter case, the extrafollicular tissue containing high-endothelial postcapillary venules, even though narrow, tended to separate the two structures.
Occasional lymphocytic nodules resembling small primary follicles were also found in the medullary cord and cortico-medullary junction, but they were not included in the count of follicles.
At 9 days, the expanded follicles were still large and contained prominent germinal centers. Newly developing follicles in the superficial cortex and parenchymal band were increased in size and number. Many of the new follicles had developed germinal centers in the basal portion (Fig. 12) . By 21 days, the expanded follicles were diminished in size while newly developed ones were enlarged, so that it was impossible to distinguish the former from the latter (Fig. 8) . From this time on, the lymph follicles per node tended to decrease in number.
At 5 and 9 days, plasma cells were numerous in the medullary cord and the parenchymal band, but by 21 days they had markedly diminished in number in the treated nodes.
Lymph follicles as aggregations of lymphocytes bearing surface immunoglobulin
Immunohistochemistry clearly demonstrated the distribution of B lymphocytes bearing surface IgM. The lymph follicles of the mouse lymph node appeared as aggregations of IgM-bearing lymphocytes (Hosxi et al., 1981) . In sections of the untreated popliteal lymph node, two or three lymph follicles were noted, each consisting largely of IgMbearing lymphocytes (Fig. 13) . Table 3 . Size distribution of lymph follicles in the popliteal lymph node on the injected side at different intervals after injection of LPS into the footpad 1) The size of each follicle is represented by the largest size as determined in serial sections. 2) Three lymph nodes were examined.
3) The number in parentheses indicates the number of follicles which contained germinal centers. In the lymph nodes at 5 days after LPS treatment, the lymph follicles were apparently enlarged, as illustrated in Figure 14 . At this stage, three or four enlarged follicles were commonly observed in sections cut through the middle of the treated nodes. 
DISCUSSION
In the untreated C57B1/6 mice used in this study, the popliteal lymph nodes were found to contain a fairly constant number of detectable lymph follicles, many of which were in the form of primary follicles. It has been claimed that under unstimulated conditions, lymph follicles with resting germinal centers in the lymph node are sometimes very difficult to distinguish from the extrafollicular zone in sections stained by standard techniques (SAINTE-MARIE and SIN, 1970) . Such undetectable follicles are said to be reactivated rapidly by antigenic stimuli and to become readily detectable once again, taking the form of typical secondary follicles. The possibility existed, therefore, that the popliteal lymph nodes in the untreated mice contained, in addition to detectable lymph follicles, a certain number of underdeveloped lymph follicles which we failed to detect. We must first consider this possibility. After footpad injection of different doses of PHA, germinal centers developed in almost every lymph follicle. The number of lymph follicles per whole popliteal node eventually remained almost the same as that of detectable follicles found in the popliteal nodes of untreated animals, regardless of the dose injected. PHA possesses antigenicity (BYRD et al., 1964; MARSHALL and MELMAN, 1966) . As an antigen, PHA may be trapped by the follicular dendritic cells in the primary follicles that were already present in a detectable form in the node before treatment, and thereby the trapped antigen may stimulate germinal center development in the follicles (MITCHELL and ABBOT, 1965; NossAL et al., 1968; KLAUS et al., 1980) . Our unpublished observations have also shown that antigens, such as diphtheria toxoid and human gamma globulin, induced germinal center development in the lymph follicles with no recognizable change in the total number of detectable lymph follicles per node. It seems likely therefore that the popliteal lymph node in unstimulated mice contains few, if any, underdeveloped lymph follicles other than the follicles which are detectable by means of standard histological techniques. LPS is known to be an effective inducer of germinal centers in lymphoid organs (ONOE,1976; WEISSMAN et al., 1976) . In the present experiments, the draining lymph nodes showed an increased number of germinal centers per node, regardless of the LPS dose. At lower doses, the increase was attributable to germinal center development in the primary follicles which had existed in a detectable form in the nodes before treatment, and the number of lymph follicles per node remained virtually unchanged. At higher doses, the draining lymph nodes not only developed germinal centers in the pre-existing primary follicles, but also produced new primary follicles which in turn developed germinal centers.
"Bare germinal centers" were not observed in the draining nodes at any stage after the injection of LPS. Indeed, we have not observed structures resembling "bare germinal centers" in lymph nodes treated with various antigens. These observations suggest that when germinal centers are stimulated to develop outside existing follicles, their development may be preceded by the formation of new primary follicles at the site.
New primary follicles occurred in the superficial cortex and parenchyma) band at some distance from the pre-existing follicles. Sometimes, they arose in close proximity to the follicles. In this case, a thin band of extraf ollicular tissue containing highendothelial venuleS (GOWANS and KNIGHT, 1964; BELISLE and SAINTE-MARIE, 1981) was usually found between the newly developed follicles and pre-existing ones. On the basis of the present findings, it may be concluded that most of the new primary follicles are "de novo" formed at the site with no relation to the pre-existing follicles. Since many of the new primary follicles develop germinal centers in their medullary pole rather soon after their formation, the formation of the follicles appears to be accompanied by the acquisition of a capacity to develop germinal centers, possibly due to the development of follicular stroma with dendritic cells (WILLIAMS and NossAL, 1966; NOSSAL and ADA, 1971; HOEFSMIT, 1975; CHEN et al., 1978; HOEFSMIT et al., 1982) . HOWever, the precise mechanism underlying the formation of new lymph follicles still remains unclear.
New lymph follicles frequently occurred in the parenchymal band. This band is thought to represent a peripheral extension of the superficial cortex (SAINTS-MARIE et al., 1982) . Under normal conditions, however, the parenchymal band is similar in morphological appearance to the medullary cord. If the plasma cells increase in number as was seen in LPS-treated lymph nodes, they populate the parenchymal band as well as the medullary cord. Thus, the parenchymal band in the mouse popliteal node has dual characters of the superficial cortex and the medullary cord.
The present observations suggest that the development of a new secondary follicle outside a pre-existing follicle is a two-step phenomenon: the first step is the formation of a new primary follicle and the second, that of a germinal center in the newly formed primary follicle. Germinal center development in primary follicles has been regarded as a response to antigens (PERNIS et al., 1963; NossAL et al., 1964; YOFFEY and COURTICE, 1970; NossAL and ADA, 1971) which requires the presence of T lymphocytes (GUTMAN and WEISSMAN, 1972; WEISSMAN et al., 1976) . However, is this principle applicable to the formation of new lymph follicles? The present results suggest that antigenic substances, which can induce germinal center development, cannot always stimulate the development of new primary follicles. The lymph follicle formation may be a response to a certain type of antigens, and the formation of new lymph follicles may not necessarily require the presence of T lymphocytes. This is suggested by the present finding that PHA, a polyclonal T cell activator, failed to produce new lymph follicles in the lymph node, and also by the finding that LPS can induce the formation of new lymph follicles in the lymph node of athymic (Nu/Nu) mice (manuscript in preparation).
The present study shows that LPS can stimulate the formation of new lymph follicles and germinal centers in draining lymph nodes. LPS is a thymus-independent antigen and a polyclonal B cell activator (COuTINHO and MOLLER,1973; COuTINHO et al., 1974; MOATAMED et al., 1975) , and also an adjuvant (MERRITT and JOHNSON, 1963; CHILLER et al., 1973) . The question of whether any of these known properties of LPS are related to the formation of new lymph follicles in the lymph node awaits further elucidation.
